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Reading the Code of Single RNA Molecules
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The advent of DNA sequencing in the late 1970s!" has
fundamentally altered life sciences. The chain termination
method by Sanger,!' also referred to as dideoxy method, has
dominated decades of sequence-driven research, with the
completion of the human genome being a major milestone.?
Nowadays, the Sanger method has been partially replaced by
next-generation sequencing technologies, such as 454/Ro-
che,” Ilumina/Solexa, ABI/SOLID," Helicos, and Pacific
Biosciences sequencing.”’ All of these new generation
technologies follow the principle of sequencing by synthesis,
and offer dramatic increase in cost-effective throughput,
although at the expense of read length. Therefore, next-
generation sequencing technologies, and in particular 454
sequencing, have been used predominantly for cDNA se-
quencing in transcriptome analysis, rather than for sequenc-
ing of genomic DNA.

The in vivo amplification required in Sanger sequencing is
circumvented by cloning-free in vitro amplification of spa-
tially separated DNA molecules, known as emulsion PCR
(454/Roche and ABI/SOLID) or by solid-phase bridge
amplification of single-molecule DNA templates (Illumina/
Solexa). As a result, colonies of DNA templates are produced
that are immobilized on a surface, sequenced, and analyzed.
The protocols developed by Helicos!® and Pacific Biosci-
ences!”! are based on single-molecule technologies, such that
no amplification is required. The Helicos protocol! uses
primer-template duplexes that are immobilized on glass cover
slips, and single-molecule sequencing is achieved by addition
of labeled nucleotides in a step-wise fashion, followed by
imaging of the colored positions on the slip after each round
of nucleotide addition.

This DNA sequencing protocol now has been adapted to
direct RNA sequencing (DRS).! This is a major achieve-
ment, because DRS has the potential to directly sequence
femtomole amounts of total RNA from any given cell
population without prior copying to cDNA.

This achievement greatly enhances research into gene
expression profiling, genome annotation, and rearrangement
detection to non-coding RNA discovery and quantification.
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Like the Helicos DNA sequencing procedure,® DRS is a
single-molecule method. In the first step, E. coli poly(A)
polymerase I (PAPI) is used to generate an A tail of about 150
nucleotides at the 3'-end of RNA molecules to be analyzed,
whereby RNAs that naturally contain poly(A) tails, such as
mRNAs, may be excluded. Control of the tail length and
blocking of the 3’-end to prevent downward addition of
nucleotides in the sequencing reaction is achieved by addition
of ddATP to the tailing reaction ten minutes after reaction
start. Templates are hybridized to poly(dT)-coated glass cover
slips and analyzed by stepwise addition of fluorescently
labeled and 3’-blocked nucleotides, called virtual terminator
nucleotides (VT nucleotides). To define the sequencing start
point, RNA templates are filled in with dTTP and locked in
position by addition of VT-A, VT-C, or VT-G (Figure 1 A).
Unincorporated VT nucleotides are removed by washing, and
the localization of the label on the chip is then imaged. The
fluorescence dye and inhibitor group is then cleaved off,
rendering the 3’-OH group free for addition of the next
nucleotide (Figure 1B). The four nucleotides (VI-A, VT-C,
VT-G, and VT-T) are then added in alternating order,
followed by washing, imaging, and cleavage (Figure 1C-F).
After iterative rounds of these steps, images are aligned and
used to generate the sequence of each individual RNA
molecule.

The key elements of this procedure are the single-
molecule technique, a polymerase that accepts modified
fluorescently labeled nucleotides as substrates, and the design
of the 3’-blocked labeled nucleotide. Single-molecule se-
quencing was proposed as early as 1989, but its feasibility
has been demonstrated only recently.'!l Apart from the fact
that only minute amounts of material are required, a big
advantage of single-molecule sequencing is that each mole-
cule is monitored individually. Thus, nucleotide incorporation
does not need to be driven to completion, which in turn
reduces misincorporations, and thus the error rate. Owing to
their slow reaction kinetics, non-complementary nucleotides
cannot compete with the time required to incorporate 80 to
90% of the correct base.[*”

To incorporate the labeled VT nucleotides, a modified
polymerase is required. Ozsolak etal.”’ screened known
reverse transcriptases, and also several DNA-dependent
DNA polymerases that had been previously shown to have
an engineered reverse-transcriptase activity."? Obviously,
they have identified a polymerase that efficiently incorpo-
rates the VT nucleotides, thereby differentiating between the
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Figure 1. RNA sequencing. A) Polyadenylated templates are hybridized
to a poly(dT)-coated surface, filled in with dTTP, and locked in position
with VT nucleotides. B,D,F) The fluorescence dye and the 3"-O blocking
group are cleaved off, generating a free 3'-OH group. C,E) VT
nucleotides (for example, VT-C or VT-G) are added, followed by
washing and imaging the position of the label on the chip.

correct and the impaired nucleotide sufficiently well. Dis-
appointingly, the paper does not give any further information
on the nature of the polymerase; the same applies to the VT
nucleotides. It is left to the fantasy of the reader as to what the
chemical nature of these nucleotides is, and how the dye and
the inhibitor group are cleaved off.

One possibility is using fluorescently labeled 3'-O-blocked
nucleotides, with the fluorescent label attached to the
heterocyclic base (Scheme 1, top), and cleavage of the
fluorescent label and of the 3’-O-blocking group under
identical conditions.'” This strategy is reasonable, as poly-
merases have been shown to accept nucleotides with bulky
attachments."¥ Presumably, the VT-nucleotides used by
Ozsolak et al.”) are also decorated with a dye attached to
the heterocyclic base and a separate 3'-O-blocking group, and
both are cleaved under identical conditions. The dye is
probably identical in all four VT nucleotides, because after
each nucleotide incorporation step, the localization of the
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Scheme 1. Possible structure of VT nucleotides. The fluorescent label

may be attached to the heterocyclic base B, requiring an additional 3'-
O-blocking group (top), or the fluorophore is directly linked to the 3'-
O-blocking group (PG; bottom).

label on the chip is imaged rather than measuring the color of
the released dye.

Alternatively, the fluorescent label might be attached
directly to the 3'-O-blocking group (Scheme 1, bottom), such
that efficient 3'-deblocking is monitored by the leakage of
fluorescence. It is questionable whether natural polymerase
would accept a nucleotide with a rather bulky group at the 3'-
position as substrate; however, the technologies available
nowadays for protein mutagenesis and evolution offer the
chance to develop such polymerases.

With the new DRS technology at hand, Ozsolak et al.”}
first sequenced chemically synthesized 40-mer oligonucleo-
tides as model systems to develop and optimize DRS
chemistry, followed by sequencing Saccharomyces cerevisiae
poly(A)" RNA, and alignment of the sequence reads to the
yeast genome using bioinformatic tools. The average aligned
read length was 28.7 nucleotides in 41261 reads, with 120
sequencing cycles over three days. This result puts DRS,
though still in its infancy, in amongst high-throughput
technologies, with the potential for exciting applications.
After further advances and refinement, the method could be
used to make snapshots of the transcriptome of any given
population of cells for example, or even of individual cells.
Unfortunately, the paper by Ozsolak et al.”) does not provide
information on the chemistry behind this technology and
other scientific details. This absence may be understandable
from the commercial point of view, yet it is disappointing to
the reader, who, studying a publication in a scientific journal,
expects to find all the information needed to fully understand
the work.
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